Highly selective gene expression is a key requirement for antigenic variation in several 25 pathogens, allowing evasion of host immune responses and maintenance of persistent 26 infections. African trypanosomes, parasites that cause lethal diseases in humans and 27 livestock, employ an antigenic variation mechanism that involves monogenic antigen 28 expression from a pool of >2500 antigen coding genes. In other eukaryotes, the expression of 29 individual genes can be enhanced by mechanisms involving the juxtaposition of otherwise 30 distal chromosomal loci in the three-dimensional nuclear space. However, trypanosomes lack 31 classical enhancer sequences or regulated transcription initiation and the monogenic 32 expression mechanism has remained enigmatic. Here, we show that the single expressed 33 antigen coding gene displays a specific inter-chromosomal interaction with a major mRNA 34 splicing locus. Chromosome conformation capture (Hi-C), revealed a dynamic reconfiguration 35 of this inter-chromosomal interaction upon activation of another antigen. Super-resolution 36 microscopy showed the interaction to be heritable and splicing dependent. We find that the 37 two genomic loci are connected by the antigen exclusion complex, whereby VEX1 associated 38 with the splicing locus and VEX2 with the antigen coding locus. Following VEX2 depletion, 39 loss of monogenic antigen expression was accompanied by increased interactions between 40 previously silent antigen genes and the splicing locus. Our results reveal a novel mechanism 41 to ensure monogenic expression, requiring the spatial integration of antigen transcription and 42 mRNA splicing in a dedicated compartment. These findings suggest a new means of post-43 transcriptional gene regulation. 44 45 3 Main Text: 46 Monogenic expression, the expression of a single gene from a large gene family, is 47 essential for several important biological processes. One of the most striking examples of such 48 regulation is the expression of a single odorant receptor from more than 1400 genes in 49 mammalian olfactory sensory neurons 1 . Likewise, monogenic expression is a key feature of 50 antigenic variation, an immune evasion strategy used by pathogens such as Plasmodium 51 falciparum or Trypanosoma brucei. Antigenic variation refers to the capacity of an infecting 52 organism to systematically alter the identity of proteins displayed to the host immune system 53 2 . How pathogens ensure the exclusive expression of only one antigen from a large pool of 54 antigen coding genes remains one of the most intriguing questions in infection biology. 55 In T. brucei, a unicellular parasite responsible for lethal and debilitating diseases in 56 humans and animals, 10 million copies of a single variant surface glycoprotein (VSG) isoform 57 are exposed on the surface of the parasite. The exclusive expression of only one VSG gene 58 per cell and the periodic switching of the expressed VSG gene allow the parasite to evade the 59 host immune system and to maintain persistent infections 3,4 . While the T. brucei genome 60 encodes for >2600 VSG isoforms, in the bloodstream of the mammalian host, a VSG gene 61 can only be transcribed when located in one of ~15 VSG expression sites. Those bloodstream 62 expression sites are polycistronic transcription units located adjacent to telomeres on different 63 chromosomes. Each bloodstream expression site contains an RNA polymerase I (Pol I) 64 promoter, followed by several expression site associated genes (ESAGs) and a single VSG 65 gene 5 . 66 Notably, Pol I transcription initiates at all VSG expression site promoters, but 67 transcription elongation and transcript processing are highly selective and limited to just one 68 expression site at a time 6,7 . As a result, the single active VSG gene is expressed as the most 69 abundant mRNA and protein in the cell; 5-10% of the total in each case. Why transcription is 70
shown. Chromosome cores, dark grey; sub-telomeric regions, light grey. The hemizygous sub-telomeric regions 155 are displayed in the following order: 5´(haplotype A)-5´(haplotype B)-diploid chromosome core-3´(haplotype A)-156 3´(haplotype B). Bin size 50 kb. b, Virtual 4C analysis, viewpoints: active VSG gene in ES 1 and inactive VSG 157 genes in ES 3, 4, 5, 7, 11, 13 and 15 . Relative interaction frequencies between the viewpoint and the SL-RNA 158 locus on the right arm of chr. 9 is plotted. Bin size 20 kb. The analyses in a-b are based on Hi-C experiments with 159 VSG-2 expressing cells (n=2, average interaction frequencies are shown). c, Immunofluorescence-based 160 colocalisation studies of tSNAP myc (SL-RNA locus marker -SL-RNA transcription compartment) and a nucleolar 161 and active-VSG transcription compartment marker (Pol I, largest subunit) using super resolution microscopy. The 162 stacked bar graph depicts proportions of G1 or S phase nuclei with overlapping, adjacent or separate signals for 163 the SL-RNA and VSG transcription compartments. Values are averages of three independent experiments and 164 representative of two independent biological replicates (≥100 G1 or S phase nuclei); error bars, SD. Detailed n and 165 p values are provided in Data S1 sheet 3. DNA was counter-stained with DAPI; the images correspond to maximal 166 3D projections of stacks of 0.1 μm slices; scale bars 2 μm. N, nucleus; K, kinetoplast (mitochondrial genome).
168
To determine whether the interaction with the SL-RNA transcription compartment is 169 specific for the active VSG gene, and therefore changes following a VSG switching event, we 170 performed Hi-C experiments using an isogenic T. brucei cell line expressing a different VSG 171 isoform, VSG-13 ( Fig. 2a) 19 . VSG-13 resides within expression site 17, which is located on to specifically select for parasites expressing VSG-13 through drug selection ( Fig. 2a) . The 175 exclusive activity of expression site 1 or 17 was verified by RNA-seq ( Fig. 2a) . 176 Hi-C analysis revealed that VSG-2 -SL-RNA interactions dropped 20-fold to average 177 inter-chromosomal interaction levels in parasites expressing VSG-13, while interactions 178 between the newly activated VSG-13 and the SL-RNA locus increased 36-fold ( Fig. 2b, left   179 and middle panel). We found that upon activation of each expression site, the bin harboring 180 the respective active VSG gene displayed the strongest interaction with the SL-RNA locus, 181 suggesting that the VSG gene itself, not its promoter, interacts with the splicing locus ( Fig.   182 2c). In addition, we detected decreased interaction of the inactivated VSG-2 gene with the 183 transcribed chromosome cores, while the activated VSG-13 gene displayed increased 184 interaction with chromosome cores (Extended Data Fig. 2a ). This observation indicates that 185 activation of a VSG gene is intimately linked to a transition from a silent to an actively 186 transcribed compartment within the nucleus. Conversely, VSG gene inactivation results in a 187 transition from an active to an inactive nuclear compartment.
188
To further explore the relationship between SL-RNA interaction frequency and gene 189 expression, we performed Hi-C analyses using insect stage parasites that do not express any 190 VSGs, but instead express a different group of surface antigens called procyclin genes.
191
Confirming the importance of the SL-RNA interaction, the GPEET and EP1 procyclin genes 192 displayed increased interaction frequency with the SL-RNA locus upon activation in insect 193 stage cells ( Fig. 2b, right 
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Previously, we had shown that the bipartite VEX-complex is associated with the 209 actively transcribed VSG gene and maintains monogenic VSG expression but that VEX1 and 210 VEX2 only partially overlap each other 16 . Given a similar juxtaposition of the VSG transcription 211 and the SL-RNA transcription compartments, we sought to investigate the relationship 212 between the VEX complex and these transcription compartments in more detail. Using 213 optimized immunofluorescence staining protocols and super-resolution microscopy, we were 214 able to detect two VEX1 foci in the majority of G1 cells (55 +/-4 %). These VEX1 signals 215 specifically co-localized with the SL-RNA transcription compartments (Fig. 3a) . In contrast, 216 the majority of G1 cells (97 +/-1 %) only had one VEX2 focus, which specifically co-localized 217 with the VSG transcription compartment (Fig. 3b) . As expected, one VEX1 focus was adjacent 218 to the VSG transcription compartment (Extended Data Fig. 3a ) while the VEX2 focus was 219 adjacent to one of the two SL-RNA transcription compartments (Extended Data Fig. 3b ). 220 Thus, our IFAs revealed association of VEX1 with the SL-RNA transcription compartments 221 and VEX2 with the VSG transcription compartment. To verify a specific interaction between 222 VEX1 and the SL-RNA locus, we reanalyzed published VEX1-ChIP-seq data, previously only 223 mapped to VSG expression sites 16 . The ChIP-seq data revealed a striking enrichment of 224 VEX1 at the SL-RNA locus that was greater than at any other gene, including the active VSG 225 gene ( Fig. 3c, Extended Data Fig. 3c ; Data S1, sheet 1). These data suggest that the VEX-226 complex connects the VSG and SL-RNA transcription compartments.
227
Although VSG and SL-RNA transcription compartments separate during S phase ( Fig.   228 1c), VEX1 does not separate from the SL-RNA transcription compartment and VEX2 does not 229 separate from the VSG transcription compartment ( Fig. 3a and b) . Also, consistent with the 230 loss of VSG expression in insect-stage cells, SL-RNA transcription compartments can still be 231 identified through tSNAP localisation, while the VEX and VSG transcription compartments are 232 reorganized and lost, respectively (Extended Data Fig. 3d-e ). These results indicate that 233 VEX2 marks the VSG transcription compartment in a developmental stage specific manner, 243 values are averages of four (a) or two (b) independent experiments (≥200 nuclei for total cell counts; ≥100 nuclei 244 for G1 phase). c, VEX1 myc chromatin immunoprecipitation followed by next generation sequencing (ChIP-Seq) 245 analysis. The graph depicts log2 fold change of ChIP signal versus input sample across the SL-RNA locus. Bin 246 size 300 bp. d-f, Immunofluorescence analysis of VEX1 myc (d), myc VEX2 (e) and tSNAP myc (f) before and after 247 sinefungin treatment (5 μg ml -1 for 30 min at 37 o C). Cells displaying no detectable signal (<10%) were excluded.
248
Values are averages of two independent experiments (≥200 nuclei each). g, Immunofluorescence-based 249 colocalisation studies of the SL-RNA transcription (tSNAP myc ) and the VSG transcription (Pol I, large subunit) 250 compartments following treatment with sinefungin. The stacked bar graph depicts proportions of G1 nuclei with 251 overlapping, adjacent or separate signals and values are averages of two independent experiments and two 252 biological replicates (≥100 G1 nuclei). The studies in a-b / d-g were undertaken using super resolution microscopy 253 and the images correspond to maximal 3D projections of stacks of 0.1 μm slices; DNA was counter-stained with 254 DAPI; scale bars 2 μm. In d-g, a two-tailed paired Student's t-test was used to compare non-treated versus treated 255 nuclei for each category: ns, non-significant; **, p < 0.01; ***, p < 0.001. Experiments in a-b / d-g are representative 256 of at least two independent biological replicates and detailed n and p values are provided in Data S1 sheet 3.
258
Given the close spatial proximity between the site of VSG transcription and the site of 259 SL-RNA transcription, we next questioned whether the splicing process itself impacts the 260 connection between these compartments. We found that inhibition of trans-splicing with 261 sinefungin 20 disrupted both VEX1 ( Fig. 3d) and VEX2 (Fig. 3e ) localization within 30 min, 262 while the tSNAP transcription factor was not affected under the same conditions ( Fig. 3f) . 263 Notably, inhibition of splicing by sinefungin also disrupted the connection between the VSG 264 and SL-RNA transcription compartments, revealed by separation of the Pol I and tSNAP 265 signals ( Fig. 3g) ; neither the VEX, nor the tSNAP protein levels were affected by sinefungin 266 treatment (Extended Data Fig.3f) . Thus, VEX protein localization and the juxtaposition of the 267 VSG and the SL-RNA transcription compartments are dependent on mRNA splicing activity.
268
Next, we aimed to investigate the mechanism by which the VEX complex ensures 269 monogenic VSG expression. Previously, we found that VEX2 depletion leads to a strong 270 activation of VSG genes located in previously silent expression sites 16 . Thus, following our 271 observation that the VEX-complex spans the VSG transcription and the SL-RNA transcription 272 compartments, we sought to determine whether VEX2 functions as a connector or as an 273 exclusion factor. That is, whether following VEX2 depletion the active VSG gene loses 274 connectivity to the SL-RNA transcription compartment or whether previously inactive 275 expression sites start to interact with the SL-RNA transcription compartment. To test these 276 models, we analyzed the distance between the VSG transcription compartment and the SL-
277
RNA transcription compartment following depletion of VEX-complex components (Extended 278 Data Fig. 4a-b) . IFA data revealed a disruption of compartment connectivity in 45% of G1 279 nuclei following 12 hours of VEX2 knockdown (P <0.001) and 60% following VEX1 -VEX2 280 double-knockdown (P <0.01) ( Fig. 4a, Extended Data Fig. 4c) ; the mean sub-compartment 281 distances were 60 nm in control cells and 167 nm following VEX-complex knockdown ( 
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The analyses in c to e are based on Hi-C experiments with cells before and 24 h after VEX2 knockdown (n=3, the 307 average is shown). f, Schematic model for monogenic VSG expression. A strong inter-chromosomal interaction 308 between the SL-array and the active VSG gene facilitates spatial integration of transcription and mRNA maturation.
309
VEX1 and VEX2 are primarily SL-and active-VSG associated, respectively, and sustain monogenic VSG 310 expression by excluding other VSGs. The VSG-SL organelle is reconfigured upon activation of a different VSG.
312

14
To explore the role of VEX2 in controlling interactions between antigencoding genes 313 and SL-RNA loci, we performed Hi-C analyses in VEX2-depleted cells. After 24 hours of VEX2 314 depletion, all previously silent expression sites displayed increased interaction frequencies 315 with the SL-RNA locus. (Fig. 4c) . The interaction between VSG expression site 3 and the SL-
316
RNA locus showed the strongest increase. Notably, this is the expression site containing the 317 most de-repressed VSG (VSG-6) following VEX2 depletion 16 . Interaction frequencies of the 318 active VSG expression site 1 with the SL-RNA locus remained unchanged, correlating with 319 sustained and dominant VSG-2 expression. Overall, SL-RNA interactions correlate with VSG 320 transcript levels before and after VEX2 knockdown (Extended Data Fig. 5a ).
321
Besides the VSG genes located in previously silent expression sites, expression site 322 associated genes were also strongly upregulated following VEX2 knockdown 16 . In line with 323 this finding, we observed the largest increase in SL-RNA interactions for the regions upstream 324 of the VSG gene in each de-repressed expression site, where expression site associated 325 genes are located ( Fig. 4d, Extended Data Fig. 5b) . Thus, VEX2 restricts interactions 326 between silent VSG expression sites, the expression site associated genes in particular, and 327 the SL-RNA locus.
328
As a third group of RNA Pol l transcribed genes, insect stage specific procyclin genes 329 are upregulated upon VEX2 depletion 16 . Correlating with these data, following VEX2-330 knockdown, we found GPEET and EP1 procyclin genes to exhibit strongly increased 331 interaction frequencies with the SL-RNA array and also with VSG expression sites (Fig. 4e,   332 Extended Data Fig. 5c ). Thus, our data suggest that VEX2 may have a dual function: 333 specifically enhancing mRNA splicing of the VSG gene that is connected to the SL-RNA 334 transcription compartment and, at the same time, excluding all other VSG expression sites 335 and procyclin genes from the SL-RNA compartment to ensure monogenic VSG expression.
336
By combining proximity ligation and super-resolution microscopy, we were able to 337 demonstrate spatial integration of the active VSG expression site and a genomic locus inter-chromosomal interaction, bringing together two nuclear compartments to ensure efficient 344 VSG mRNA processing at only one expression site (Fig. 4f) . In the VSG transcription 345 compartment, the VSG gene is transcribed by highly processive RNA Pol I, generating large 346 amounts of VSG pre-mRNA that requires efficient processing to prevent premature transcription. Notably, we also find other highly expressed housekeeping genes, such as core 364 16 histones or tubulin, to associate with the SL-RNA locus (Extended Data Fig. 6a ) and with VEX1 365 (Extended Data Fig. 6b ). Thus, interactions with the SL-RNA locus may play a broader role for 366 the regulation of gene expression in T. brucei. 367 While the importance of intra-chromosomal interactions in regulating gene expression 368 has been shown in many complex eukaryotes, the significance of inter-chromosomal 369 interactions has been questioned. Interactions between different chromosomes were thought 370 to require complicated, possibly error-prone mechanisms to be re-established following Fig. 3c) were generated using the R library circlize 37 and bedgraph 530 files for log2 fold change (Fig. 3c, Extended Data Fig. 3c and Extended Data Fig. 6b ) were 531 generated using deeptools2 38 . Bedgraphs were generated with 1kb bins and the option 532 smoothLength 5000. Spliced leader RNA sequences were annotated using the sequences: Illustrator. Genomic regions for tandem genes and arbitrarily selected genes genes with a 543 paralog count of 0 were assembled in bed files, using annotated mRNA sequences from 544 protocols. The following primary antibodies were used: rabbit α-VEX2 (1:1,000), rabbit α-pol-554 I largest subunit 15 (1:500), rabbit α-VSG-2 (1:20,000), rabbit α-VSG-6 (1:20,000), mouse α-555 c-myc (Millipore, clone 4A6, 1:7,000), rabbit α-GFP (Abcam Ab290, 1:1,000) and mouse α- Microscopy. Immunofluorescence microscopy was carried out according to standard 562 protocols. For wide field microscopy (Extended Data Fig. 4a) , the cells were attached to 12-563 well 5 mm slides (Thermo Scientific). For super resolution microscopy, the cells were attached 564 to poly-L-lysine treated coverslips (thickness 1 1/2 mm), stained and only then mounted onto 565 glass slides. For colocalisation studies with Pol I we used antigen-retrieval. Prior to 566 permeabilization, fixed cells were rehydrated in PBS for 5 min at RT, held at 95 °C for 60 s in 567 freshly prepared antigen retrieval buffer (100 mM Tris, 5% urea, pH 9.5) and then washed 3 x 568 23 5 min in PBS at RT. Cells were mounted in Vectashield with DAPI (wide field) or stained with 569 1 µg ml -1 DAPI for 10 min and then mounted in Vectashield without DAPI (super resolution).
570
In T. brucei, DAPI-stained nuclear and mitochondrial DNA were used as cytological markers 
574
Primary antisera were rat α-VSG-2 (1:10,000), rabbit α-VSG-6 (1:10,000), rabbit α-GFP . 4a-b and Extended Data Fig. 4c-d , all the imaging and analysis 598 was performed at 12 h post induction, a timepoint where there was sufficient VEX2 knockdown 599 (Extended Data Fig. 4b) between the ESB and tSNAP compartment (Fig. 4c) , a control measurement (Extended Data 602 Fig. 4d ) was performed to make sure that the increase in the distance between the two protein 603 condensates following VEX2 or VEX1 / VEX2 RNAi was not a mere consequence of a spanned more than one bin. The coordinates that define the different viewpoints used in this 747 study are shown in Data S1 sheet 2. To determine the relative interaction frequency of a 748 viewpoint with chromosome cores and sub-telomeres, the average interaction frequency of 749 the viewpoint with each chromosome core and sub-telomere was calculated based on the 750 30 relative interaction frequencies extracted by virtual 4C analysis. The ratio between the average 751 interaction frequency (core) and the average interaction frequency (sub-telomeres) was 752 calculated for each chromosome and plotted as one dot. The virtual 4C analysis has been 753 implemented using HiC sunt dracones (https://doi.org/10.5281/zenodo.3570496). All scripts 754 necessary to reproduce the Hi-C analyses can be found at:
